The spatial distribution and structure of nematode assemblages in the area surrounding the harbour of Vado Ligure (Savona, NW Mediterranean) were studied in relation to the influence of natural and anthropogenic environmental factors. Stations were selected following an "anthropogenic gradient" from sites located near the city centre and its harbour to more pristine and distant sites. Sediment quality was determined by considering both sediment granulometric and chemical parameters (hydrocarbons, heavy metals, total organic matter, proteins, carbohydrates) as well as nematode abundance, diversity, life strategies, trophic structure and assemblage composition. A high correlation between environmental characteristics and the nematode response was found. On the basis of the comparison of these results, which identified three distinct sub-areas associated with different levels of environmental quality, a set of nematode indicator genera was selected for the future evaluation of quality status.
Introduction
Shallow coastal habitats are subject to intense environmental pressure with extensive feedback effects between natural and human systems (Turner, 2000) . As well as natural fluctuations in abiotic parameters, the input of nutrients, organic matter and pollutants related to anthropogenic activities can further modify coastal environmental conditions, sometimes to a greater extent, and produce changes in the biota different to those derived from natural variability alone (Turner et al., 1995; Venturini et al., 2004) . The multiple uses of coastal areas can mobilize terragenic materials to the marine environment in amounts similar to, or even exceeding, those introduced through natural weathering processes (Bruland et al., 1974) . In the Mediterranean Sea, the effects of urbanization, port and harbour development, industrial activities, agriculture and aquaculture, have resulted in extensive coastal pollution (Haas, 1989) . Liguria, an administrative region of NW Italy (NW Mediterranean Sea), has been subject to significant urban and industrial coastal development since the 1960s, which, together with high tourism, has concentrated both civil and industrial activities in a narrow, highly populated territory (Bertolotto et al., 2005; Montefalcone et al., 2009) . In particular, the area of Vado Ligure (Savona, Ligurian Sea, NW Mediterranean) has a long history of industrial and harbour activities, with long tracts of the coastline dedicated to tourism. Anthropogenically stressed coastal areas such as these typically receive inputs which may contain hydrocarbons, heavy metals and other pollutants derived from human activities, that cause perturbations in the ecosystem, changing the abiotic conditions and influencing the biota in terms of density, diversity, structure and functioning (Venturini et al., 2004; Martínez-Lladó et al., 2007) .
The use of indicators to detect and monitor environmental conditions is of primary importance and represents a worldwide incentive, detailed in the Water Framework Directive (WFD, 2000/ 60/EC) and Marine Strategy Framework Directive (MSFD, 2008/56/ EC) . Living organisms are fundamental in assessing the ecological status of an ecosystem, integrating both biotic and abiotic components through their adaptive responses (Casazza et al., 2002) . Whilst contaminant concentrations in the water column can change significantly, both temporally and spatially, sediments integrate contaminants over time, accumulating natural and anthropogenic products from the overlying water. As a consequence, benthic species, living in close contact with sediment particles and interstitial water, are intimately exposed to contaminants and therefore have been used historically as indicators of environmental quality. Benthic macrofauna is more usually employed as bioindicators than the meiofauna, despite the fact that in soft sediments, where contaminants accumulate, meiobenthic invertebrates frequently represent the most abundant metazoan organisms (Gerlach, 1971; Höss et al., 2011) . Moreover, in severely polluted sediments, some meiofaunal taxa represent the only significant metazoan component, whereas macrofauna may be scarce and difficult to sample representatively, or dominated by high abundance of very few taxa, in both cases providing little information that can be used effectively (Kennedy and Jacoby, 1999) . The use of meiofauna in biomonitoring studies gives many advantages over macroinvertebrates owing to their high abundance and diversity, small size, short life cycles, rapid development, limited mobility, absence of pelagic life stages and the presence of both tolerant and sensitive species. These advantages lead to more robust data sets, which can show higher sensitivity, effects over smaller spatial scales, and a quicker response to disturbance (Kennedy and Jacoby, 1999; Frontalini et al., 2011) .
Of the meiofaunal taxa, nematodes in particular offer a variety of possibilities for assessing changes in assemblage structure, due to their high structural and functional diversity, as the most diverse and numerically dominant metazoans in aquatic habitats, with a wide distribution varying from pristine to extremely polluted habitats. Although nematodes have already been employed in environmental quality assessment studies and have proved to be suitable indicators for pollution-induced disturbances of benthic ecosystems (Coull and Chandler, 1992; Bongers and Ferris, 1999; Höss et al., 2011) , they are not currently considered as a requirement for the assessment of the ecological status of the benthic environment according to the WFD and MSFD. However, the WFD has recently proposed nematodes as indicators for evaluation of the ecological quality status of marine ecosystems (Moreno et al., 2011) . The use of nematode indices, especially in soft sediments, can bridge the gap in current monitoring programs, mainly based on macro-benthic invertebrates (Höss et al., 2011) revealing different and complementary aspects of the factors structuring benthic ecosystem, fundamental in ecological status assessment (Vanaverbeke et al., 2011) .
In this study we evaluated the use of nematodes as indicators of environmental quality in an area strongly influenced by human activities. The main aims were to analyze patterns of nematode assemblages in the study area and to test whether: (1) there was a relationship between the observed patterns and the main environmental variables and human influences; (2) anthropogenic impacts had influenced the nematode assemblage structure; and (3) there were nematode genera which could be reliably used as indicators of pollution or environmental quality.
In order to achieve these objectives, inorganic (heavy metal) and organic (C12eC40, polycyclic aromatic hydrocarbons) pollutants as well as organic enrichment were investigated at twenty-two stations situated along an "anthropogenic gradient" from sites located near the city of Vado Ligure and its harbour to more pristine, distant sites. To account for the effects of natural environmental variability on the structure of nematode assemblages, relationships with depth, particle size and organic matter composition were also investigated.
Materials and methods

Study area and field activities
The study was carried out along the coast of Vado Ligure (Savona) in the Western Ligurian Riviera (Ligurian Sea, NW Mediterranean). The area is densely populated and influenced by the presence of a commercial port, which is an important container and oil terminal, an oil-burning power plant and by various other economic activities, such as industrial plants and tourist resources. Samples were collected in January 2010 at twenty-two stations located at increasing distance to the south of the centre of Vado Ligure and its harbour (Fig. 1) . Sampling locations were determined with a Global Position System (GPS) receiver. At each station, three replicate sediment samples were collected by a modified Van Veen grab and subsampled for analyses of sediment grain size, sedimentary organic matter concentration and biochemical composition, contaminant concentrations (polycyclic aromatic hydrocarbons (PAHs), C12eC40 (C > 12) and heavy metals) as well as abundance and composition of nematode assemblages. At all sampling stations, for each deployment, transparent Plexiglas tubes (inner median diameter, 3.6 cm) were used to collect sediment cores from the surface of the grab sample to a depth of 2 cm. Sediment cores taken for nematode analysis were fixed with 4% buffered formaldehyde in 0.4 mm pre-filtered seawater solution, while samples for later determination of environmental variables were frozen at À20 C.
Grain size
Grain size analysis was performed using a vibro-siever for fractions larger than 63 mm, and a sedigraph (SEDIGRAPH III 5120 Micrometrics) for those smaller than 63 mm. For the dry-sieving analysis, sediment was oven dried at 105 for 24 h, weighed, washed on a 38 mm sieve in order to eliminate soluble salts and oven dried again for 24 h. After the second drying, sediment was weighed, passed through a set of standard sieves (ASTM ½ phi, diameter ¼ 20 cm) and shaken by an automatic shaker for seven minutes. The results were combined with the sedigraph results to give the full particle size distribution. Sediments were classified following the Udden and Wentworth scale (Wentworth, 1922) .
Sedimentary organic matter concentration and biochemical composition
Total organic matter (TOM) was determined by loss on ignition according to Parker (1983) . Protein concentration (Prt) was assessed according to the Hartree (1972) method, modified by Fabiano et al. (1995) . Bovine albumin solutions were used as standards and absorbance was determined at 650 nm. Carbohydrate concentration (Cho) was analyzed according to Dubois et al. (1956) , modified for sediment application by Gerchakov and Hatcher (1972) . D(þ) glucose solutions were used as standards and absorbance was measured at 490 nm. For each parameter, sediment blanks were analyzed following the same method, with sediment pre-treated at 550 C for 4 h. Concentrations were expressed as mg g À1 of sediment dry weight (DW).
Contaminants
Concentrations of contaminants were carried out by the CIMA Research Foundation. The method used for the heavy metals was Aqua Regia ICP/MS. Concentrations of PAHs and C > 12 were measured by the PAH-GCMS/MS and GC/FID method. Heavy metal and PAHs concentrations were compared with the ER-L (Effect Ranged-Low) and ER-M (Effect Ranged-Median) values reported for the sediment guidelines of the U.S. Environmental Protection Agency (USEPA) (Long et al., 1995) . For each station, mean ER-M quotients were calculated for PAHs (ER-Lq PAHs) and heavy metals (ER-Lq Met) by dividing the concentrations of the individual compounds by their respective ER-M guidelines, summing these quotients and dividing by the number of analyzed compounds . The method accounts for the presence of mixtures of toxic chemicals and the degree to which individual chemicals exceed their ER-M guidelines, assumes an additive effect toxicity (but not synergistic or antagonistic effects), and provides a useful means of ranking sites that have multiple contaminants . ER-M values !1 implies that biological adverse effects are likely to occur . Mean ER-L quotients were also calculated in the same way as mean ER-M quotients. A mean ER-L quotient !1 implies that at least one analyte exceeds the ER-L and therefore adverse biological effects are predicted to occur at relatively low frequency McCready et al., 2000) .
Nematode community
In the laboratory, all meiofaunal samples were rinsed with a gentle jet of fresh water over a 0.5 mm sieve to exclude macrofauna, decanted over a 38 mm sieve ten times, centrifuged three times with Ludox HS40 (specific density 1.18 g cm
À3
, according Heip et al. (1985) ), and stained with Rose Bengal (0.5 g L
À1
). Meiofaunal organisms were counted and identified at the major taxon level, using a stereomicroscope. One-hundred nematodes from each replicate were randomly picked out using fine pin under a stereomicroscope (magnification Â40), transferred from formalin to glycerol through a series of ethanoleglycerol solutions, and mounted on slides in anhydrous glycerine, following the procedure described by Heip et al. (1985) . Nematodes were identified at genus level using the pictorial keys of Warwick (1983, 1988) and Warwick et al. (1998) , as well as the NeMys online identification key (Steyaert et al., 2005) and additional taxonomic papers (e.g., Verschelde et al., 2006) .
At each site total nematode abundance (A) and number of genera (S) were calculated; diversity and evenness were expressed as the ShannoneWiener Index (H 0 , log 2 ) and Pielou's evenness (J 0 ) respectively.
Nematode genera were classified according to Wieser (1953) into four feeding groups to investigate the trophic structure of the assemblages: selective (1A) and non-selective (1B) deposit feeders, epistrate feeders (2A), and predators/omnivores (2B). The Index of Trophic Diversity (ITD) was calculated according to Heip et al. (1985) , ranging from 0.25 (the highest trophic diversity) to 1.0 (the lowest trophic diversity).
The maturity index (MI, Bongers, 1990; Bongers et al., 1991) was calculated as the weighted average of the individual colonisere persister (cep) values:
where v is the cep value of genus i and f(i) is the frequency of that genus. This index has been proposed as a semiquantitative value giving an indication of ecosystem conditions according to the nematode assemblage composition.
Statistical analyses
Spearman's Rank Correlation Analysis was conducted to elucidate the relationships between biotic and abiotic variables. A correlation matrix (Spearman's rho) was calculated for environmental variables, assemblage parameters and relative abundance of relevant genera.
To ascertain if the studied environmental variables explained changes in nematode assemblages, non-parametric multivariate multiple regression analyses, based on Euclidean distances, was carried out using the routine DISTLM forward (McArdle and Anderson, 2001 ). The forward selection of the predictor variables was carried out with tests by permutation. All tests were based on BrayeCurtis dissimilarities, calculated between observations for log-transformed nematode data. P values were obtained using 4999 permutations of raw data for the marginal tests (tests of individual variables), while for all of the conditional tests, the routine uses 4999 permutations of residuals under a reduced model. Principal component analysis (PCA) using normalized Euclidean distance was carried out on environmental variables that proved to be most important in structuring the nematode assemblages according the DISTLM forward analysis.
A constrained ordination, a canonical correspondence analysis (CCA), was carried out to explicitly investigate the relationship between environmental variables and the community assemblage. In CCA plots, each vector for an environmental variable defines an axis, and site or genus scores can be projected onto that axis. An indication of relative importance of a vector is its length; the angle indicates correlation with other vectors and CCA axes. Eigenvalues for CCA axes indicate the importance of the axes in explaining relationships in the generaeenvironment data matrices (Fiscus and Neher, 2002 and refs therein) . A Monte Carlo permutation was used to test statistically whether the genera were significantly related to the chosen environmental variables and to determine the significance of first and second axes.
Sensitivity or tolerance of nematodes was estimated by the relative influence of the contaminants impacts on genera using quadrants of the CCA bi-plot, assuming that abundant populations occur when a genus is tolerant or insensitive to a specific stress and that populations decrease when sensitive. Genera with a CCA score in the same quadrant as the hydrocarbons or metals were considered as insensitive to this kind of pollution, whilst genera that scored in the quadrant not influenced by contaminant vectors were regarded as sensitive to contamination; genera that fell in a quadrant influenced only by metal or hydrocarbons were assumed to have intermediate sensitivity/tolerance to that category alone. Finally, in order to classify a genus sensitive or tolerant it must occur in at least two samples.
A similar approach was used by Höss et al. (2011) who ranked fresh water nematode species according to their sensitivity to metal and organic contamination and by Fiscus and Neher (2002) who ranked soil nematode genera according to their sensitivity to physical and chemical disturbance.
All statistical tests were performed using R statistical software (R. Development Core Team, 2011).
Results
Grain size
The stations studied showed a large gradient of substrate type, with sediments varying from medium silt to very coarse sand and from very poorly to moderately sorted (Table 1 and Fig. 1 ).
Mean grain size values ranged between 0.03 mm (Station B2) and 5.82 mm (Station E1). A general pattern of decreasing grain size with depth was recorded (p < 0.05) due to the increase of clay (p < 0.001) and silt (p < 0.05) fractions with depth (Appendix A).
Sedimentary organic matter concentration and biochemical composition
The results for organic matter concentration and biochemical composition are reported in Table 1 Both Prt and Cho increased with depth (p < 0.01, Appendix A).
Contaminants
Concentrations of heavy metals, PAHs and C > 12 varied greatly throughout the study area. Summary statistics of the different contaminants are shown in Table 2 and their standardized values are shown in Fig. 2 .
Metals accounted for the majority of contaminants exceeding ER-L and ER-M limits. Concentrations of As appeared rather uniformly distributed, exceeding the ER-L limit at all stations with a maximum concentration recorded at Station C2 (34 ppm). Cd showed similar values, lower than ER-L limit, at all stations, with the exception of Station J1 (3.9 ppm), where it was almost twoorder of magnitude higher. Hg and Pb varied greatly throughout the surveyed area, Hg exceeding ER-L or ER-M limits at almost all the stations and Pb exceeding the ER-L limit at most of the stations. For both metals the highest values were recorded at Station C2 (3.4 and 128 ppm, for Hg and Pb respectively).
Concentration level of PAHs was generally quite low (on average 2.4 ppm); however, a few stations exceeded the value for ER-L but not for ER-M. Highest values of PAHs and C > 12 were recorded at Station C2 (8010 mg kg À1 and 31,200 mg kg À1 respectively).
Minimum values for all the organic contaminants were recorded at Station A1, followed by Stations B1 and A2. Mean ER-M and ER-L quotients were calculated separately based on the heavy metals and PAHs analyzed, for which sediment quality guidelines exist (Long et al., 1995) in order to estimate the potential of the contaminant to cause effects on the marine sediment biota and to compare it with the nematode response.
Considering heavy metals, Stations C2 and D1 presented a mean ER-Mq >1.0, indicating a relatively high probability of adverse biological effects, whilst Stations B3, C1, C3, E3, J1, J2 and J3 showed a mean ER-Mq >0.5, indicating a medium to high probability of biological adverse effects; all the other stations had a mean ER-Mq between 0.11 and 0.5, indicating a low to medium risk . All stations, excepting Stations A1, A2 and G2, had a mean ER-Lq >1, indicating that 86% of the stations had sediments with metals concentrations having the potential to cause adverse effects in sensitive species.
Considering PAHs, Stations B3, C1, C2, D1 and J1 presented a mean ER-Mq >0.5, indicating a medium to high probability of biological adverse effects due to organic chemicals, whilst Stations A1, A2 and G2 mean ER-Mq was <0.1, indicating a low risk; all the remaining stations presented a mean ER-Mq between 0.11 and 0.5, indicating a low to medium probability of adverse biological effects. Stations B2, B3, C1, C2, C3, D1, E1, F1, G1, J1, J2 and J3 had a mean ERLq >1, indicating that 55% of the stations had sediments with the potential to cause adverse effects in sensitive species due to organic chemicals.
Depth, sediment grain size, total organic matter quantity and biochemical composition were not correlated with contaminant concentrations and did not significantly influence their distribution, with the sole exception of Pb content, which showed significant (p < 0.05) positive correlations with silt and clay% and Prt and a negative correlation with grain size (Appendix A).
Nematode assemblages
Univariate nematode measures are shown in Fig. 3 . Mean nematode abundance ranged between 343.67 AE 17.72 ind 10 cm À2 (Station C2) and 4598.18 AE 17.81 ind 10 cm À2 (Station E3), representing a reduction with increasing C > 12 values (p < 0.05) (Appendix A). The lowest number of genera was found at Station C2 (16 AE 9.90), the lowest diversity (2.35 AE 0.09) and evenness (0.58 AE 0.00) at Station B1. The highest number of genera (38 AE 1.41) and diversity (4.79 AE 0.03) were recorded at Station G2 while the highest evenness (0.93 AE 0.03) at Station C4. The number of genera, diversity and evenness increased strongly (p < 0.001) with increasing depth; positive correlations with TOM and Cho and negative with sorting were also detected (p < 0.05). The number of genera was also positively correlated with clay% and negatively with C > 12 (p < 0.05) (Appendix A). ITD ranged from a minimum (maximum trophic diversity) of 0.30 AE 0.02 (Station F1) to a maximum (minimum trophic diversity) of 0.61 AE 0.04 (Station B1). The dominant trophic group was represented by non-selective deposit feeders (1B) (44%), followed by epistrate feeders (2A) (28%) and selective deposit feeders (1A) (23%); predators/omnivores (2B) was the least dominant feeding type, with mean relative abundances of 4% (Fig. 4) .
ITD showed a significant (p < 0.001) pattern of increase with increasing depth. Cho (p < 0.01), TOM, Prt and clay% were also positively related (p < 0.05) with ITD, whilst sorting coefficient showed the opposite trend (p < 0.01) (Appendix A).
MI ranged between 2.36 AE 0.09 (Station C2) and 2.80 AE 0.02 (Station B1) due to the clear dominance of cep 2 (mean relative abundance: 50%) or cep 3 (mean relative abundance: 41%) genera (Fig. 4) . By contrast, cep 4 genera occurred at relatively low densities (mean relative abundance of 9% and a peak value of 21% at J3), while cep 5 genera never occurred (Fig. 4) . MI values were negatively affected by hydrocarbon concentrations and toxic potential (p < 0.05) but not by depth or sediment properties. Cep 2 group was positively related to hydrocarbons concentrations and toxic potential and TOM (p < 0.05), cep 3 negatively to TOM (p < 0.001) and depth (p < 0.05); cep 4 positively to depth, (p < 0.001), TOM, Cho, clay% (p < 0.05) and negatively to sorting (p < 0.01) (Appendix A). Of the 128 genera found (Appendix B), Richtersia and Daptonema were the most abundant and frequent, occurring in all samples: Richtersia with mean relative abundances of 14% (max ¼ 60%) and Daptonema with 13% (max ¼ 34%). The other genera present at all stations were Sabatieria (mean abundance ¼ 7%, max ¼ 33%), Setosabatieria (mean abundance ¼ 4%, max ¼ 19%) and Microlaimus (mean abundance ¼ 4%, max ¼ 19%).
Relationships between nematode assemblages and environmental variables
The canonical correspondence analyses (CCA) accounted for 83% of the total variability, with the first axis (eigenvalue: 0.3931; p ¼ 0.010) accounting for approximately 23% of the constrained variability and the second axis (eigenvalue: 0.2257; p ¼ 0.005) still accounting for 14%. The Monte Carlo test revealed a significant correlation between the environmental variables gradient and the nematode genera (p ¼ 0.005). CCA1 seems to separate the stations according to a gradient mainly determined by depth (r ¼ 0.81), organic content (r Cho ¼ 0.76; r Prt ¼ 0.71, r TOM ¼ 0.70) and, even to a lesser extent, also by sand and clay content (r sand ¼ À0.61; r clay ¼ 0.56). CCA2 seems to separate the stations according to a gradient of decreasing contamination (r C>12 ¼ À0.83; r PAHs ¼ À0.67; r Zn ¼ À0.43) with all the vectors of the contaminants falling in the same quadrant (Fig. 5) . The constrained ordination plot showed a clear separation of three main groups of stations (Figs. 5 and 6):
Group 1 (Stations A1, A2, B1 and B2): containing the stations located at the north-east of the harbour, presenting shallow, most sandy habitats, characterized by low contaminants and organic matter content. Chromadorita, Chaetonema, Marylynnia, Belbolla and Enoplolaimus resulted the genera most strongly associated to these conditions. Group 2 (Stations A3, A4, B3, B4, C1, C2, C3, D1, E1 and J1): containing mostly the stations situated in close proximity to the harbour (with the exception of Station J1) with high levels of contamination, shallow to intermediate depth environments and a large gradient in substrate type (with sediments varying from medium silt to very coarse sand). Terschellingia, Comesa, Oncholaimellus, Sabatieria, Thalassoalaimus, Spirinia, Neotonchus, Microlaimus, Ptycholaimellus, Daptonema, Eleutherolaimus and Molgolaimus resulted the genera most strongly associated to these conditions. Group 3 (Stations C4, E2, E3, F1, G1, G2, J2 and J3): containing the stations to the eastesoutheast of the harbour, presenting the deepest stations, intermediate contaminant concentrations, high quantities of organic matter, with high clay content and a large gradient in substrate type (with sediments classified from medium silt to very fine sand). These conditions were associated with the presence of many different genera, among which the most representative resulted Dorylaimopsis, Metacyatholaimus, Pierrickia, Diplopeltoides, Leptolaimus, Halalaimus, Pselionema, Desmoscolex, Sphaerolaimus, Rhips, Gnomoxyalia, and Tricoma.
Concerning univariate measures, Group 1 exhibited the lowest values of diversity, evenness and trophic diversity, the highest abundances of cep 3 genera, predominant at all the stations, and the lowest abundances of cep 2 genera. Non-selective deposit feeders were highly dominant at all Group 1 stations (on average 65%); followed by epistrate feeders (27%), while predator/omnivores and selective deposit feeders showed low percentage dominance (5% and 3% respectively). Group 2 was characterized by the lowest nematode abundances and MI values, the latter due to the dominance of cep 2 genera. Non-selective deposit feeders were the dominant trophic group at almost all stations (on average 47%), followed by epistrate feeders (28%) and selective deposit feeders (22%), while dominance of predator/omnivores was low (3%). Group 3 was characterized by assemblages with variable genus composition and the highest number of genera, diversity, evenness and trophic diversity; on average the selective deposit feeders were the most abundant (35%), but similar percentages of non-selective deposit feeders (30%) and epistrate feeders (28%) were recorded; it also showed the highest percentage of predator/omnivores (6%) and the highest abundance of cep 4 genera.
DISTLM forward analysis revealed that most of the variance in nematode assemblage structure (63%) was explained by depth, C > 12, ER-Lq Met, sorting, Prt and PAHs (Table 3) .
The groups of environmental samples in the PCA ordination (Fig. 7) based on the environmental variables that best explained variation in nematode community structure (see Table 3 ) showed a remarkable similarity with groups identified in the CCA plot (cf. Figs. 7 and 5) , suggesting that such variables were highly influential in determining genus distribution patterns. The PCA showed that the sampling sites differed mainly in terms of pollution and, to a lesser extent, in physical characteristics, food availability and sedimentological properties. PC1, explaining 46% of the variance, represented an axis of decreasing contaminant level: high negative values along PC2 were coupled with high PAHs, ER-Lq Met and C > 12 values. PC2, accounting for 28% of the variance, was driven by depth, Prt and sorting.
Results from both the statistical analyses and ordinations suggested that contaminant concentrations, depth, organic matter quantity and biochemical composition, and sediment composition were all important in explaining the variability in nematode assemblages. The information obtained by CCA relating individual genera with particular environmental variables were also confirmed by the Spearman's Rank Correlation Analysis results (Appendix A).
Discussion
The coastal area surveyed proved to be heterogeneous in terms of bathymetry, sedimentary parameters, organic loading and anthropogenic inputs. The comparison of contaminant levels with reference values (Long et al., 1995) indicated relatively high concentrations, especially for heavy metals, with sediments at a high number of stations having the potential to cause adverse effects in sensitive species. Concentrations of both heavy metals and PAHs were similar to ones reported in previous studies conducted in the area (Bertolotto et al., 2003a,b; Bertolotto et al., 2005) . Other than the positive correlation between Pb concentrations and fine fractions, the remaining heavy metals showed no link with grain size, suggesting the relative importance of point sources in determining their distribution. The fact that even C > 12 and PAHs, strongly hydrophobic chemicals with affinity for fine-grained sediments, showed no correlation with fine sediment particles, may indicate that, as for metals, their concentrations were driven by the relative size and location of the sources rather than by sediment composition. Some of the highest contaminant concentrations corresponded with stations located near the urban centre of Vado Ligure, in close proximity to the harbour. This area is critical as a focus for the impact of the habour and its activities, being subject to the passage of ferries, holiday cruisers and container ships and situated close to a large coal-fuelled electricity generating plant, refineries, the production of bitumen and tar and also to the mouths of the Segno, Quiliano and Letimbro, streams that pass through a densely populated and industrialized area.
One of the aims of the present study was to test whether there was a relationship between the observed patterns of nematode abundance, diversity and assemblage structure and the main environmental variables and human influences. Across the study area, 63% of the variation in nematode assemblages, was explained by six environmental variables, suggesting a strong link between nematode assemblage structure and depth, contamination, food availability and sediment characteristics. This was confirmed by the high similarity between the distribution of stations in ordinations based on both PCA of environmental variables data and CCA of nematode genus abundance data. The PCA showed that the sampling stations were differentiated mainly by concentrations of hydrocarbons and heavy metals, with depth, organic load and sediment proprieties also identified as secondary differentiating factors. The differences in nematode community structure identified three groups of stations which could be differentiated by differences in bathymetric and physico-chemical properties. In the CCA, depth, organic contaminants and organic content were shown to be the variables with the strongest correlation, indicating their importance in structuring nematode assemblages in the survey area.
DISTLM analysis showed that, although factors related to sedimentary conditions and food proprieties were important, the highest portion of nematode variability was explained by contaminants (cumulative: 26%) and depth (24%). This result is very significant, since usually, in non-impacted environments, sediment grain size represents the 'super factor' in determining meiobenthic community structure (Platt et al., 1984) .
The influence of hydrocarbons and heavy metals on nematode assemblages has been shown by many authors in both field and microcosm studies (e.g., Giere, 1979; Renaud-Mornant et al., 1981; Danovaro et al., 1995; Austen and Somerfield, 1997; Danovaro et al., 1999; Beyrem et al., 2007; Heininger et al., 2007; Boufahja et al., 2011a) . As well as their direct effects on nematode assemblages, hydrocarbons also appear to influence nematodes indirectly through effects on sediments such as dissolved oxygen depletion and changes in sediment proprieties (Mahmoudi et al., 2005 and refs therein) , while the accumulation of heavy metals in sediments may alter associated microbial communities which may influence the meiobenthos through alterations in food supply (Austen and McEvoy, 1997) . Moreover, the combination of heavy metals and hydrocarbons could be additive or even synergistic. Beyrem et al. (2007) reported that if a low dose of diesel alone didn't affect nematode abundances, a dieselemetal combination may cause significant abundance decreases. Diesel induced higher production of mucuseexopolymers from algal blooms, typical of dieselcontaminated sediments, which have a strong affinity for several metals and were subsequently consumed by benthic organisms, increasing their exposure to metals (Beyrem et al., 2007 and refs therein) . Changes in nematode assemblage structure, mortality of the most sensitive species and diversity reduction have been reported by several authors as typical effects of exposure to heavy metals and hydrocarbons contamination (e.g., Boucher, 1980; Tietjen, 1980; Somerfield et al., 1994; Danovaro et al., 1995; Austen and Somerfield, 1997; Beyrem and Aïssa, 2000; Mahmoudi et al., 2002; Hedfi et al., 2007 Hedfi et al., , 2008 Boufahja et al., 2011a) . Nematode abundance may not be affected, but many studies have reported significant decrease in nematode abundance due to heavy metals (e.g., Mahmoudi et al., 2002 Mahmoudi et al., , 2007 Hedfi et al., 2007 Hedfi et al., , 2008 Hermi et al., 2009; Beyrem et al., 2011; Gyedu-Ababio, 2011; Boufahja et al., 2011a) or hydrocarbons (e.g., Giere, 1979; Danovaro et al., 1995 Danovaro et al., , 1999 Beyrem and Aïssa, 2000; Mahmoudi et al., 2002 Mahmoudi et al., , 2005 Beyrem et al., 2010) .
In the present study, the nematode univariate measures of abundance, number of genera and maturity index were negatively affected by hydrocarbons. The multivariate structure of nematode assemblages revealed three groups of stations clearly differentiated by their contamination level. The differences in nematode genus composition between these groups were also reflected in their lifehistory strategies (cep values) and feeding type. In particular Group 2, which was characterized by lower abundance and MI values as well as the highest percentage of opportunistic (cep 2) genera, could be distinguished from the other two groups by its higher level of contamination, whilst its sediments were heterogeneous in terms of grain size and organic load. Among its stations, Station C2 was the most affected by pollution, with highest values of PAHs, C > 12, As, Hg, Pb, ER-Lq Met, ER-Mq Met and ER-Lq PAHs. It was dominated by Sabatieria, Daptonema, Comesa and Terschellingia and showed the lowest nematode abundance, MI value and number of genera and some of the lowest values of diversity and evenness.
Depth, organic matter quantity and composition and sedimentological proprieties, are also factors that can modify the effects of pollutants (e.g. Tietjen, 1980) , and were significant in explaining observed nematode distributions and distinguishing Group 1 and Group 3, which had lower contamination levels than Group 2.
Variations in natural sediment proprieties, such as grain size, silt/clay content and sorting, are known to influence the nematode assemblages (Platt et al., 1984; Heip et al., 1985; Vanreusel, 1990; Schratzberger et al., 2006; Semprucci et al., 2010) . Another important factor influencing benthic assemblages is food availability (Montagna et al., 1983; Rudnick et al., 1985) and in particular the utilizable fraction of the organic pool (i.e. labile compounds such as proteins and carbohydrates, Fabiano et al., 1995) .
Depth is a common correlate of assemblage structure, most likely because it determines other factors such as the amount and nature of phytoplankton-derived food reaching the benthos and the stability of physico-chemical factors (Guo et al., 2001; Schratzberger et al., 2006) . In our study area, depth was also positively related to fine sediment fraction, organic load and food availability (proteins and carbohydrates).
Group 1 was characterized by lower TOM, Prt and Cho compared with the other groups. As an indicator of potential food limitation at these stations, this may explain the low diversity and high dominance found, despite the relatively low levels of contamination. Certainly, the genera found at these stations showed the highest and lowest percentages of cep 3 and cep 2 types respectively, reflecting the low levels of contamination.
Group 3, having an intermediate degree of contamination defined by medium to low contaminant content, was characterized by stations with high quantities of TOM, Prt and Cho and greater Fig. 7 . PCA ordination (including variable vectors) based on normalized environmental data (all concentrations were log-transformed). Variables shown in the ordination were those that best explained variation in nematode assemblage structure (see Table 3 ). Superimposed clusters are the three station groups identified by CCA ordination. depths. These stations showed higher diversity and persister nematodes (cep 4) %. Nematode assemblages at these stations also showed a different trophic strategy, with dominance of selective deposit feeders and the highest % of predators/omnivores. At these stations, higher food availability and diversity, coupled with higher sediment stability associated with reduced wave disturbance at deeper sampling stations, resulted in a more stable and diverse assemblage. Also significant could be the role of contaminant bioavailability. The bioavailability and, therefore, the toxicity of a contaminant depends on its partitioning between the sediment, pore water, and overlying water (Austen and McEvoy, 1997) , which can also be dependent on the sediment organic carbon content (Di Toro et al., 1991) . In fact highly lipophilic chemicals are probably bound to organic carbon and as such are not directly bioavailable for the biota (Liu et al., 2004) , therefore there is a greater toxic effect of these contaminants in sediments with low organic content since the free ions in water are the most bioavailable. This may explain why in this study the effect of contaminants was low in the group of stations with high organic carbon content in the sediments and even in the stations with higher contaminant concentrations (Stations J2 and J3). Another aim of the study was to evaluate the potential of nematodes as pollution indicators investigating whether there were nematode genera which could be reliably used as indicators of pollution or environmental quality.
There is much evidence that to be successful, pollution assessment may not have to be conducted at the species level (Warwick, 1988; Danovaro et al., 1995) and that pollution effects are detectable at even higher taxonomic levels (Warwick, 1988) . Moreno et al. (2011) in a study evaluating the use of nematodes as biological indicators of sediment environmental quality at many different sites in the Mediterranean Sea, compared the use of different ecological indices, including H 0 , MI, cep%, ITD and presence of sensitive/tolerant genera and found that the latter proved to be the best tool for efficient evaluation of ecological quality status.
In the present study the analysis of nematode assemblages at the genus level was the most informative tool as well, showing a high correspondence with the environmental variables and with pollution in particular.
The results of the CCA analysis identified a number of genera which appeared to be tolerant to hydrocarbon and metal contamination including Sabatieria, Terschellingia, Comesa, Oncholaimellus, Microlaimus, Molgolaimus, Daptonema, Ptycholaimellus, Spirinia, Eleutherolaimus, Neotonchus and Thalassoalaimus.
These results agreed with many studies. Sabatieria is a genus widely recognized as tolerant to pollution and able to persist under conditions that are unsuitable for most other nematode species (e.g., Tietjen, 1980; Somerfield et al., 1994; Austen and Somerfield, 1997; Schratzberger et al., 2006; Armenteros et al., 2009) . Terschellingia is also a genus considered tolerant to metal and hydrocarbons contamination (e.g., Somerfield et al., 1994; Austen and Somerfield, 1997; Armenteros et al., 2009; Beyrem et al., 2010) . Molgolaimus, a genus often associated to reduced conditions (Van Gaever et al., 2004) , and Ptycholaimellus were found to be tolerant to a wide range of metal concentrations both in field and microcosm studies (Somerfield et al., 1994; Austen and Somerfield, 1997) , and Microlaimus to heavy metals (Gyedu-Ababio and Baird, 2006) . Moreover, Microlaimus is considered a successful, fast and opportunistic colonizer (Van Gaever et al., 2009 ) as well as Molgolaimus, another opportunistic colonizer abundant under stressful conditions and in recently colonized sediments (Fonseca et al., 2006 (Fonseca et al., , 2007 . Daptonema is known as an opportunistic genus in relation to heavy metals (e.g., Millward and Grant, 1995; Hedfi et al., 2007; Boufahja et al., 2011a) and hydrocarbons (Mahmoudi et al., 2005) . Eleutherolaimus showed a reduced sensitivity to heavy metals (Millward and Grant, 1995) while Spirinia was resistant to oil contamination (Beyrem et al., 2010) and was found to be among the dominant genera in an experiment on muddy polluted sediments (Armenteros et al., 2010) . Oncholaimellus has shown high resilience to hydrocarbons contamination and an opportunistic response to various heavy metals Mahmoudi et al., 2007) , but also sensitivity to metals (Beyrem et al., 2011) , therefore its use as indicator of contamination is critical. These controversial responses could be related to the fact that, although Oncholaimidae have a high cep score on the MI scale, due to their slow growth and reproduction, they may have a high colonization ability in situations of organic enrichment or stress (e.g., anoxia) in which they can accumulate mono-populations (Somerfield et al., 2003; Neher and Darby, 2006) . Genera found to be sensitive to metals and hydrocarbons according to CCA analysis included Chaetonema, Marylynnia, Chromadorita, Belbolla, and Enoplolaimus. Chaetonema has been reported to be intolerant to diesel (Mahmoudi et al., 2005) and permethrin (Boufahja et al., 2011b) , while Chromadorita was one of the genera that decreased after the "Amoco Cadiz" spill (Boucher, 1980) . Marylynnia is reported to be resistant in microcosm experiments with diesel (Mahmoudi et al., 2005) and opportunistic in experiments with Hg (Hermi et al., 2009 ), but seems to be sensitive to the hydrocarbon and metal combination . Enoplolaimus, a predator, probably slow growing, has been found to be sensitive to copper in both microcosm and field studies (Lee and Correa, 2004; Hedfi et al., 2008) despite becoming dominant after the La Coruña oil spill (Giere, 1979) .
Conclusions
The pattern of nematode assemblages found in the study area was strongly related to environmental variables; contamination level, bathymetry, quantity and composition of organic matter and sediment proprieties. Anthropogenic effects were found on nematode abundance, number of genera and maturity index. The multivariate structure of the nematode assemblages was clearly related to the level of contamination of their sediments. In particular, the group of stations in the proximity of Vado Ligure city centre and its harbour were the most affected.
Analysis of nematode assemblages at the genus level was the most informative tool, showing high correspondence with the environmental variables and with pollution in particular. The use of a constrained ordination (CCA) allowed for discrimination of the effects of contaminants on nematode genera from those of other environmental variables. In particular, it resulted in the identification of a suite of genera for their tolerance or sensitivity to contaminants which could be important in the future evaluation of environmental quality status.
